. The distribution of the disease is governed by the distribution of the tsetse fly, the bloodfeeding dipteran vector for the parasites. In the mammalian host, the parasites exist as proliferative slender forms, which establish para sitaemia, and transmissible stumpy forms, which are irreversibly arrested in their cell cycle and arise as parasite numbers increase. The transition from slender to stumpy forms seems to be the result of a density-sensing mechanism, whereby the parasites release a factor (or factors) -termed stumpy induction factor (SIF) -that accumulates as parasite numbers increase during the parasitaemia 3, 4 . When SIF triggers the parasites to differentiate into stumpy forms, growth of the trypanosomal population is restricted (and thus host survival is prolonged) and transmission stages become predominant. Following transmission to tsetse flies, the parasites undergo cyclic development over 20-30 days 5 ; this involves proliferation in the midgut as procyclic forms and then migration to the salivary glands, where epimastigotes attach to the salivary gland wall and multiply. At this stage the parasite can undergo meiosis and engage in sexual exchange 6 before developing to detached, non-dividing metacyclic forms. These are adapted for survival on entering a new mammalian host, which occurs when they are ejected in the tsetse fly anticoagulant saliva during a blood meal by the fly (FIG. 1a) .
In this Opinion article we use the evidence from recent experimental and mathematical analyses to suggest how trypanosomes balance antigenic variation and developmental transitions to achieve infection chronicity, and how they ensure transmission through their irreversible commitment to development in the tsetse fly.
Antigenic variation versus development
Trypanosomal infections are sustained for months to years in mammalian hosts, despite the parasites being extracellular and exposed to the immune system in the circulation and tissues. This is possible because trypanosomes exhibit an extreme capacity for antigenic variation, whereby the proteins that constitute their surface coat (variant surface glycoproteins (VSGs)) are periodically changed 7 . This is achieved by changing the expressed VSG gene; the parasite genome has at least 15 telomeric VSG expression sites, each containing a VSG gene 8 , but only one of these sites is active at any one time [9] [10] [11] . By changing the active expression site, a change in VSG expression can be achieved in situ without DNA recombination. However, as well as the expression site-associated VSG genes, the trypanosome genome houses a pool of several hundred complete and incomplete VSG genes that can be activated only by recombination into an expression site 10, 11 . Recombination is driven by homology in the gene-flanking regions or in the VSG coding regions themselves, enabling the creation of mosaic VSG genes through the assembly of related complete and incomplete silent VSG genes [12] [13] [14] . Together, these mechanisms combine to allow a vast range of VSG types to be expressed by the parasites, such that the population can inevitably outpace the immune system and ensure the maintenance of a chronic infection 15 . The periodic control of distinct antigenic variants by antibodies creates an undulating parasitaemia profile that is characteristic of trypanosome infections (FIG. 1a) . Another factor that contributes to this profile is the developmental transition between proliferative slender forms and non-proliferative stumpy forms of the parasites [16] [17] [18] [19] . Stumpy cells are more resistant to antibodydependent complement-mediated killing than slender forms and persist at the peak of each parasitaemia cycle as slender cells are killed 20, 21 . Nonetheless, the stumpy forms are eventually removed by either immune clearance or cell senescence, generating a decrease in parasitaemia, which is recovered only after the outgrowth of a new population of slender cells that have undergone antigen switching.
This cycle of antigenic variation and the transition between slender and stumpy forms prolongs the infection and optimizes the potential for parasite transmission. However, until recently, the contributions of each parameter to the chronicity of infection could not be quantified, and the interactions between these parameters that combined to ensure transmission were unclear.
Infection chronicity and transmission
The contribution of antigenic variation to within-host dynamics. The various routes of VSG gene activation generate differential probabilities for the expression of different antigen types 14, 22, 23 (FIG. 1b) . For example, intact VSG genes in silent expression sites have a high probability of expression through in situ activation 14 . Similarly, intact VSG genes in subtelomeric sites can be readily activated through gene conversion events that are initiated in their extensive flanking homologous regions, which include repeat sequences such as the 70 bp repeats 24 , subtelomeric repeats and VSG conserved 3ʹ elements 12 . As these gene conversion events are based on gene-flanking homologies, they allow VSG gene switching independently of VSG gene sequence, such that the direction and predictability of switching events is limited 22, 25 . In contrast to these high-probability switches, the assembly of intact mosaic VSG genes is much less likely and is dependent on the existing expressed VSG gene, driving the expression of related VSG variants ('strings') that require coding-region similarity with, but exhibit distinct antigenicity from, the previously expressed VSG gene 22, 26 . Mathematical modelling of the impact of these different activation mechanisms predicts that a hierarchical expression of VSG types is generated 25 . Unpredictable high-frequency switches predominate early in the infection (when switching occurs in a 'block' of different antigen types, the genes of which are not related in sequence but are activated with similar probabilities) and are replaced later in the infection by switches that are determined by the previously expressed VSG gene 25 (owing to the requirement for sequence homology). The relationship between the different VSG genes in given sequence similarity groups, as well as the ability of the immune system to discriminate between VSG types in or between these groups, is predicted to have a large influence on infection dynamics 27 . For example, a strong specific immune response could control waves of parasitaemia caused by only one or a few VSG types (such that the antigen types reach the threshold required to induce effective antibody production), whereas more diverse parasite populations (which do not reach the antibody induction threshold for any one antigen type) would be controlled by stumpy formation and senescence. Because the VSG gene expressed by the parasite population progresses through different block sizes during the course of infection, this creates the potential for considerable variation in the parasite load, the proportion of transmissible stumpy forms and the strength of host immunity generated to particular antigen types 27 .
The contribution of differentiation to within-host dynamics. The developmental switch from slender to stumpy forms is a key additional component of mathematical models for antigen switching and infection chronicity 25, [28] [29] [30] [31] . This is because the frequency of each developmental type in the population determines the overall growth of Simplistically, this generates an undulating parasitaemia. In each wave of parasitaemia, proliferative slender forms are responsible for the increase in parasite numbers. This is accompanied by the accumulation of a parasite-derived factor, stumpy induction factor (SIF), that stimulates slender cells to transform to stumpy forms. Stumpy forms are non-proliferative, being arrested in G0-G1, and are the transmission stage of the parasite, capable of developing further when ingested by the tsetse fly during a blood meal. Stumpy cells are irreversibly committed to cell cycle exit in the bloodstream and are removed from the population by a combination of immune clearance and cell ageing. When stumpy forms are taken up by a tsetse fly, they differentiate to midgut procyclic forms; slender forms that are taken up are killed. The procyclic forms proliferate before arresting and migrating to the salivary glands, where they attach as short epimastigote forms. These develop to metacyclic forms, which are unattached to the salivary gland wall and infective to mammals. b | During a trypanosomal infection in mammalian hosts, the probability of expression for variant surface glycoprotein (VSG) genes is governed by the activation mechanism of each gene. Early in the infection, in situ switches allow telomeric VSG genes that are encoded in expression sites to be activated. Subsequently, intact VSG genes that are encoded in subtelomeric regions are expressed. Later in infection, mosaic VSG genes can contribute to the repertoire. These are assembled from incomplete VSG genes, and their activation can be dependent on the previously active VSG gene (as they are created through homologous recombination), resulting in a 'string' of related VSG genes being expressed. 20, 21 . However, until recently, these components could not be accurately quantified because the relationship between morphology, cell cycle exit and transmission competence could not be easily determined. Fortunately, the recent identification of the PAD (proteins associated with differentiation) proteins has provided a molecular tool that can both discriminate stumpy forms and link these forms to the transmission competence of the parasite 18, 31 . PAD proteins are carboxylate transporters that transduce the CCA (citrate and/or cis-aconitate) signal used by the parasites to detect their entry into the tsetse fly (see below). PAD1 is highly expressed on only stumpy forms of the parasite, and its mRNA is differentially expressed between slender and stumpy forms, enabling the production of stumpy forms to be monitored quantitatively by reverse transcriptase (RT)-PCR 31 .
Combined with cytological analysis of the morphology and cell cycle status of parasites 33 , the detection of PAD1 mRNA has allowed the temporal order of events to be described early in a mouse infection (FIG. 2) .
A few days after the start of the infection, the parasite population is uniformly proliferative and morphologically slender, and little PAD1 mRNA is expressed 31 . However, by 4 days into the infection, cells are beginning to arrest in G1, as revealed by the accumulation of cells with a single nucleus and a single kinetoplast (the specialist mitochondrial genome of the parasite; the kinetoplast is precisely replicated and segregated during the cell cycle). This arrest precedes morphological transition and represents the first detectable event in the transformation to stumpy forms, matching earlier in vitro predictions 4 . Between day 4 and day 5 of infection, arrested forms continue to accumulate, this being coincident with an increase in the abundance of PAD1 mRNA. Interestingly, this occurs as morphologically 'intermediate' forms peak, before the accumulation of morphologically stumpy forms and before the appearance of PAD1 protein.
During this intermediate phase, PAD1 mRNA levels are around tenfold higher than the levels in the early slender population, but thereafter remain at this higher level and do not accumulate further as cells develop to stumpy forms 31 . PAD1 mRNA abundance therefore provides an early and reliable indicator of the commitment to the generation of stumpy forms, with protein expression from the transcripts being dependent on translational control. A similar mRNA profile is also shown by ESAG9 genes 34, 35 , a diverse family of genes that were originally identified as occasional components of VSG expression sites but are also expressed from elsewhere in the genome 34, 36 , whereas the expression of the slender-specific haptoglobin-haemoglobin receptor 37 is downregulated in intermediate forms 33 . Following these gene expression changes, during days 6-7 cells progress morphologically to stumpy forms; characteristic changes include an expanded flagellar pocket, mitochondrial elaboration 38 , a reduction in flagellar length 39, 40 , the development of a pronounced undulating membrane, and repositioning of the expanded lysosome 41 to a posteronuclear position 33 . The nucleus itself also moves towards the posterior of the cell and in extreme cases can displace the kinetoplast at the posterior end 19 . These events establish a temporal description of the slender-to-stumpy transition, at least in the first wave of infection (FIG. 2) .
The quantitative analysis of PAD expression data has also enabled mathematical modelling of the dominance of stumpy forms in chronic infections 31 , complementing the earlier models of infection dynamics that were based on antigen switching. A model based on Bayesian inference was used to infer kinetic parameters of the developmental processes, and this model, combined with the experimental dissection of the early events in the establishment of infection, generated a quantitative description of infection that fits well with published values. In the derived model (FIG. 2) , slender cells commit to the production of stumpy forms before their cell cycle exit, with the committed cells replicating around three times before their arrest in G1. Although earlier mathematical models Uncommitted slender cells release and receive stumpy induction factor (SIF), stimulating them to begin the transition to stumpy forms. Mathematical modelling 31 predicts that, initially, cells develop to a committed slender form that is capable of up to three rounds of cell division before cell cycle exit in G1, whereupon SIF production is lost. The resulting intermediate forms no longer express the haptoglobin-haemoglobin receptor but express mRNAs encoding PAD1 (proteins associated with differentiation 1) and ESAG9 proteins. The morphological transformation to stumpy forms involves the production of a broader cell form with a prominent, undulating membrane and the development of the mitochondrion and of diaphorase activity. As stumpy forms mature, their flagellar pocket increases in size and the lysosome is repositioned. In some cases, the nucleus moves to the cell posterior, displacing the terminal kinetoplast and generating posteronuclear stumpy forms. had incorporated a density-dependent differentiation component 25, 42 , the fit of a cell density model to the experimental data was poor, whereas the prediction of a soluble density-dependent signal provided a substantially better fit, supporting the SIF concept. Slender cells and committed slender cells are predicted to produce SIF, whereas intermediate and stumpy forms are not. When parasites commit, the development to morphologically stumpy forms is completed in 70 hours, and the resultant stumpy forms are predicted to have a finite lifespan of 50 hours, a value that approximates well to the experimentally determined lifespan of stumpy cells 30 . Perhaps most striking was the observation that, after the initial wave of parasitaemia, stumpy cells dominate chronic infections. An immediate implication is that the population frequency of antigenic variation will be considerably less than that if slender cells predominate. Although the mathematical models of the interaction between antigenic variation and the immune response are quite simplistic in this study, they nonetheless support there being a reduced capacity for switching in chronic infections, in which stumpy cells dominate.
How antigenic variation and differentiation ensure chronicity. These quantitative descriptions of the production and maintenance of transmission stages in trypanosomal infections have striking implications for the life history of the parasites and their epidemiology (FIG. 3) . According to analysis of the first wave of parasitaemia, the early dominance of slender forms would ensure that a new host was infected by parasites that were undergoing rapid antigen switching. This is because the rate of antigen switching in natural slender trypanosomal populations is high (approximately once per 1,000 divisions 43 , contrasting with once per 1 million divisions for laboratory-adapted lines 44, 45 ). In the context of a host population with prior exposure to trypanosomes and the potential prevalence of herd immunity 26, 46 , this would allow the trypanosomal population to probe the immune environment of the host using a large number of VSG types, and only cells expressing VSG types to which the host had not already been exposed would survive. This would allow the infection to get a foothold and parasite numbers to increase (FIG. 3) , enabling novel mosaic VSG strings to be generated and expressed.
When parasite numbers increase through the outgrowth of antigenically viable slender cells, the accumulation of SIF will stimulate these cells to become intermediate and then stumpy forms in the first wave of parasitaemia, before they are cleared by the immune response. In mice, clearance of the first wave takes 9-10 days 31 , which is a considerable time after an antibody response would be expected to be generated. This extended survival of the stumpy population might reflect faster hydrodynamic clearance of surface antibody by stumpy cells 21 or the antibody response being insufficiently robust to rapidly clear the first wave of parasites. This scenario might be particularly relevant in field infections, in which the establishing population is antigenically heterogeneous, such that multiple antigen types in a diverse antigen block reduce the effective immune response and cause the infection profile in one peak to be dominated by stumpy formation and senescence, rather than immune responsemediated killing 27 . Although there is evidence for strong specific antibody responses to early variants and to the heterogeneous metacyclic VSG types that initiate infection 47 , in practice there is likely to be a complex balance between antibody-mediated and developmental control of early parasitaemia, and this balance might be context or infection specific.
After the first wave of parasitaemia, chronic infections show a complex profile in which the high proportion of intermediate and stumpy cells is sustained 31 (FIG. 3) .
This ensures that transmission stages are always available should a tsetse fly take a blood meal 48 -an important consideration in locations where the vectorial capacity of tsetse flies is low and effective transmission is unlikely 49 . Furthermore, a dominance of stumpy forms will considerably reduce the frequency of antigenic variation in the population, as only replicating slender cells are capable of generating new variants. This slows the exposure of the antigen repertoire available in the infecting population and also prevents the host becoming overwhelmed by an onslaught of new variants switching at high frequency 27 . The infection is sustained, however, because a small, probably fluctuating population of slender cells remains, switching at the high frequency described for natural trypanosomal populations 45 (FIG. 3) . These slender cells feed new variants into the population, their high switching rate ensuring that the improbable construction of mosaic VSGs that is required in chronic infections can occur and sustain the infection.
This infection profile serves to carefully balance the emergence of new variants with the transmissibility of the parasite population, and the resulting control of the parasite population also extends the life of the host.
Sensing cues for transmission
A further balancing act occurs at the molecular level when stumpy trypanosomes initiate differentiation in the tsetse fly midgut. A key trigger for this seems to be blood citrate (present at ~130 µM 50 ) and, potentially, CCA in the tsetse fly midgut 51 . These metabolites are transported by PAD proteins, which are expressed on stumpy forms, but this transport occurs only on entry into the fly 18 . This is because trypanosomes become sensitized to CCA when the temperature is lowered to 20 °C 52 , upregulating the expression of PAD2 and promoting the surface access of this protein 18 and potentially of other surface proteins that are important in environmental sensing. CCA seem to affect the activity of trypanosomal phosphotyrosine phosphatase 1 (TbPTP1) 53 (FIG. 4) .
Specifically, TbPTP1 dephosphorylates and thus deactivates its substrate, the serine/ threonine-specific phosphatase TbPIP39, to maintain stumpy forms in a state that is poised for differentiation but not yet committed 54 . Furthermore, the phosphatase activity of TbPTP1 is promoted by the . TbPIP39 is a member of an unusual class of DXDXT phosphatases, for which structural modelling has predicted the existence of a citratebinding pocket 55 . Interestingly, the presence of CCA prevents the activation of TbPTP1 by TbPIP39 (REF. 54 ), allowing TbPIP39 to become (and to remain) phosphorylated at a tyrosine residue by an unidentified kinase. Phosphorylated TbPIP39 is more active than the unphosphorylated form, but both are transported to the glycosome (a peroxisome-like organelle that compartmentalizes the glycolytic enzymes in trypanosomatids) owing to a carboxy-terminal peroxisomal-targeting signal 1 (PTS1) motif. In the glycosome, the active phosphatase can dephosphorylate targets in that organelle but is itself protected from dephosphorylation through compartmentalization away from TbPTP1. This generates an irreversible commitment to differentiation, creating a molecular bistable switch.
Bistable switches, in which two alternative states of activation are stable but intermediates between them are not, govern cell fate decisions in a wide range of biological systems, most notably in controlling the unidirectionality of mitotic events [56] [57] [58] . Similarly to cell cycle progression, developmental transitions in the trypanosomal parasite must be irreversible 59 and preferably all-or-none responses, ensuring that cells can lock into the developmental response when triggered by a potentially transient environmental cue. Hence, in the stumpy form TbPIP39 reinforces its own repression by activating TbPTP1, thus stabilizing the OFF state (FIG. 4) . By contrast, in the presence of CCA TbPIP39 is activated, generating an ON state. Molecular switches of this kind ordinarily operate in one cellular compartment and thereby require stringent irreversibility. In the trypanosome system, however, irreversibility is ensured by sequestration of phosphorylated TbPIP39 in the glycosome such that TbPTP1 can no longer access its target. This could assist the parasite in responding to a transient CCA signal, and indeed the parasites commit to irreversible differentiation after only 1 hour of exposure to CCA in vitro 60 . The compartmentalization of the transduced signal also raises further questions. For example, is TbPIP39 targeted to all glycosomes or preferentially associated with a subset that is important for differentiation? This represents an interesting question, because the composition and activity of glycosomes are developmentally regulated, and there is a rapid turnover of these organelles via autophagy during differentiation 61 . Active TbPIP39 may label the glycosomes in bloodstream-stage cells for degradation, may protect newly formed procyclic glycosomes, and/or may change the metabolic activity of glycosomes through its effects on the constituent enzymes and their interactions with the few other signalling molecules that can be recognized bioinformatically as being glycosome associated 62 . As the only characterized signalling molecule to target a peroxisome-like organelle in any eukaryotic cell, TbPIP39 has considerable potential to assist our understanding of organelle dynamics and regulation.
Although the TbPTP1-TbPIP39 signalling pathway provides a coherent and straightforward link from an external signal to an internal metabolic organelle, several questions remain unanswered. Beyond the need to identify glycosomal targets of TbPIP39, for example, an alternative potential substrate of TbPTP1 has been identified 63 , the role (if any) of which in differentiation is unclear. Other differentiation stimuli in addition to CCA have also been described [64] [65] [66] [67] [68] , but their links to TbPTP1-TbPIP39 signalling are unknown. Clearly the interconnections, if there are any, between these different molecules and signals remain to be uncovered.
Why stumpy forms persist
Although there is much interesting literature on the evolution of the VSG archive, the activation mechanisms of this archive and the contributions of these mechanisms to infection chronicity 14, 22, 67 , another obvious target for selection is parasite development via SIF signalling (FIG. 5) . Mutants that are unable to respond to SIF would have an advantage in the context of a single host, as they would outgrow the background SIF-responsive population (FIG. 5a) . Indeed, trypanosomes that are less responsive to SIF have been readily selected in the laboratory and are termed monomorphs [68] [69] [70] [71] . However, Figure 4 | TbPTP1-TbPIP39 signalling and bistability. a | In stumpy forms of trypanosomes, differentiation is prevented by the activity of trypanosomal phosphotyrosine phosphatase 1 (TbPTP1), which dephosphorylates (and so represses) the serine/threonine-specific phosphatase TbPIP39. The interaction between TbPIP39 and TbPTP1 stimulates the activity of TbPTP1, thus reinforcing the inactivation of TbPIP39 and generating a stable OFF state. In the presence of CCA (citrate and/or cis-aconitate), the stimulation of TbPTP1 is lost, potentially through steric interference between TbPIP39 and TbPTP1 (generated by the presence of a TbPIP39 citrate-binding pocket). This favours the phosphorylation (and so activation) of TbPIP39 by an unknown kinase (kinase X). Both active and inactive TbPIP39 are unidirectionally trafficked to the glycosome, where active TbPIP39 dephosphorylates unidentified glycosomal targets. As phosphorylated TbPIP39 is locked in the glycosomes, it cannot be dephosphorylated by TbPTP1, thus ensuring its irreversible activation. This generates a stable ON state. b | The activity of TbPIP39 in response to the actions of TbPTP1 and kinase X. TbPIP39 is activated by phosphorylation, but this is rendered irreversible by the compartmentalization of the enzyme in the glycosome. PAD, proteins associated with differentiation. the inability of such monomorphs to generate stumpy forms means that these lines would have reduced transmissibility, restricting their spread beyond the originating host and rendering them non-viable in the long term (FIG. 5a) . There may also be other selection pressures that operate on SIF signalling. For example, if the production of SIF is costly, it may be advantageous to remain responsive to the signal but to stop producing it, effectively becoming a cheater 72 . This could provide growth advantages in the host, although these advantages would be of limited evolutionary benefit if the bottlenecks during passage through the tsetse fly 73 are such that clonal populations are likely to be transmitted. In this case, the absence of SIFproducing benefactors after transmission of the cheater population would result in cells that are unable to produce stumpy forms and so have limited potential for further transmission (and also have increased virulence) (FIG. 5b) . Cells that neither produce nor respond to SIF would have a further shortterm advantage but, as monomorphs, would be unable to sustain transmission (FIG. 5c) .
A more complex possibility arises if cells respond to their own density-sensing signal but not to that of competitor trypanosomal populations. In this scenario, trypanosomes would be able to establish in an alreadyinfected host or, as has been observed 74 , outcompete other trypanosomal strains in a co-infection. Specialized SIF-producing or SIF-sensing pathways would need to evolve for different strains to prevent interference from each other, but the likelihood of such evolution would depend on the complexity of the signalling system. Alternatively, different trypanosomal populations may exhibit different sensitivities to (or production levels of) SIF in different hosts, such that the parasites optimize their transmission depending on the host context or the probability of co-infection 59, 75 . Although this could involve Figure 5 | The impact of defects in stumpy induction factor production or detection on parasite growth and transmission. a | Cells that produce and respond to stumpy induction factor (SIF) (P+R+ cells) generate transmissible stumpy forms and are maintained throughout multiple host-vector transactions. If cells no longer respond to SIF (P+R− cells), they gain a short-term advantage because they outgrow the P+R+ cells (which respond to SIF and therefore exit the cell cycle). However, because these P+R− cells produce less transmissible forms, their long-term viability is lower. b | Cells that can respond to the SIF produced by others in the population but do not produce SIF themselves (P−R+ cells) would have a growth advantage if the production of SIF were costly. This could promote their transmission to a new host. However, in this new host the absence of SIF benefactors would reduce the number of transmission stages and so limit the long-term viability of these cells. c | For cells that neither produce nor respond to SIF (P−R− cells), there would be a shortterm advantage, as they would continue to proliferate and would outgrow other cells (including P+R− cells) because they do not incur the costs associated with SIF production. However, their transmission potential would be greatly reduced owing to the absence of stumpy forms, selecting against them in the long term. Nature Reviews | Microbiology selection of mutants, epigenetic mechanisms could also be implicated. For example, the VSG expression site is believed to contribute to host optimization 76 through the use of microheterogeneity in transferrin receptors that are encoded at this site (ESAG6 or ESAG7) 77 or through the presence of the gene encoding serum resistance-associated protein (SRA; a protein that confers resistance to the lytic factor in human serum) in Trypanosoma brucei rhodesiense 78, 79 . Other expression site-associated genes are of unknown specific function but nonetheless show heterogeneity. Hence, if the function of any of these genes is related to SIF production or sensitivity, then the use of the various expression sites could determine transmissibility in different contexts, providing a mechanism for optimization in hosts in which SIF shows differential turnover, for example.
Importantly, these scenarios for interparasite signalling and parasite selection are not merely theoretical concepts. As well as commonly used laboratory strains of T. brucei, several trypanosomes have been reported not to generate stumpy forms or to be of uncertain morphological type, including Trypanosoma congolense 80 , Trypanosoma vivax 81, 82 and Trypansoma evansi 81 . Although T. evansi are mechanically transmitted and so do not require a specialized transmission stage, all of these different trypanosomal species must exhibit growth control if they are to prevent rapid host death. Moreover, the historical literature 32, 80, [82] [83] [84] reports that all of these species can show morphological heterogeneity, including the potential to generate growth-limited forms that resemble intermediate forms 82 , and this is further supported by the detection of ESAG9 transcripts (which are normally enriched in stumpy forms of the trypanosomes that produce these cells) in T. brucei equiperdum, another mechanically transmitted trypanosomatid 36 . Therefore, a contribution by a density-sensing mechanism is likely to be important in different trypanosomal species and subspecies, including those that do not generate the morphologically extreme stumpy forms that are obvious in T. brucei. A proper understanding of the implications of SIF production and signalling for the dynamics of trypanosomal infections, both in single infections and in co-infections, will require the identification of the chemical entity itself and its signalling pathway. Thus far, SIF is known to be <500 Da and stable in culture 3 , although its turnover is necessary in vivo to allow antigenically distinct slender populations to replace earlier antigen types after immune clearance of those earlier types.
Conclusion and perspectives
The components of infection chronicity represent a series of interconnected unidirectional transitions. This unidirectionality is imposed by the host immune system and also by the molecular control of parasite development both in the blood and on transmission to the tsetse fly. As well as providing an added layer of complexity to the well-rehearsed but sometimes simplistic descriptions of antigenic variation, these interdependencies emphasize the elegant balance that trypanosomes must maintain in their mammalian host to optimize their longevity and, so, their transmissibility. Interestingly, the theme that emerges is shared between many vector-borne pathogens: the investments in immune evasion, virulence and transmission are balanced to ensure survival in the long term and through multiple cycles of interaction with both the host and the vector 75 . Moreover, the fundamental concepts of parasite developmental transitions have broad relevance in the context of eukaryotic cell fate determination and the evolution of complex signalling mechanisms and interactions 58 . Understanding the complexity with which components interact at the molecular, individual and population scales will require considerable coordination between experimental and theoretical approaches. Nonetheless, this coordination is needed if therapies that target transmission are to be developed and their consequences for parasite selection (as well as their potential for therapeutic breakdown) are to be predicted.
